Periviable births are defined as births occurring from 20 0/7 through 25 6/7 weeks of gestation. Among and within developed nations, significant variation exists in the approach to obstetrical and neonatal care for periviable birth. Understanding gestational age-specific survival, including factors that may influence survival estimates and how these estimates have changed over time, may guide approaches to the care of periviable births and inform conversations with families and caregivers. This review provides a historical perspective on survival following periviable birth, summarizes recent and new data on gestational age-specific survival rates, and addresses factors that have a significant impact on survival.
Introduction
Periviable births comprise a particularly high-risk group of patients cared for by obstetricians, neonatologists and other caregivers. Periviable birth is currently defined as delivery occurring from 20 0/7 through 25 6/7 weeks' of gestation. 1, 2 This review provides a historical perspective into survival of periviable births, summarizes recent data on gestational age-specific survival rates and reviews factors that can have a significant impact on survival. As this review is focused on survival, we do not discuss additional outcomes among surviving periviable infants, such as disability, but acknowledge the importance of considering such outcomes alongside estimates of mortality to inform understanding about prognosis.
Historical perspectives
The survival of extremely low birth weight (ELBW, birth weight ≤1000 g) infants, including periviable infants, has improved consistently over the past seven decades. In the 1940s, death was the expected outcome for all ELBW infants born in developed nations around the world. 3 Beginning in the 1950's and 1960s, the probability of survival for ELBW infants among several centers in the US and UK increased to 10 to 30% as understanding of neonatal physiology improved and the provision of neonatal intensive care became more common and more advanced. 3, 4 In the 1970s, multiple reports from the US and international centers demonstrated improved survival rates for ELBW and extremely preterm infants. 3 A single-center study from Illinois of 100 ELBW infants born between 1974 and 1976 and admitted to the neonatal intensive care unit (NICU) reported survival rates of 10% for infants weighing 501-750 g and 48% for infants weighing 751-1000 grams. 5 A multicenter study of live births from 1976 to 1978 in New York City reported a survival rate of approximately 50% for singleton live-births weighing 501-1250 g born at level-3 centers. 6 In a population-based study from England and Wales, survival of liveborn infants weighing <1000 grams increased from 16% in 1964 to 23% in in 1975. 7 In the late 1980s and mid-1990s, prospective cohort studies from the NICHD Neonatal Research Network (NRN) 8 and EPICure 9 were among the first to systematically evaluate periviable birth outcomes on a relatively large scale in the surfactant era of neonatology. The NICHD NRN reported outcomes of 1804 very low birth weight (VLBW, birth weight 501-1500 g) live births at 8 academic centers in the US from 1989-1990. 8 The estimated survival for liveborn infants in this cohort was 18% at less than 23 weeks' of gestation, 15% at 23 weeks', 54% at 24 weeks' and 59% at 25 weeks'. The EPICure study collected outcomes for periviable live births across all maternity units in the UK and Ireland in 1995 (n=4004) and reported survival rates of 40% for births between 20 and 25 weeks' of gestation. 9 Similar to the NICHD NRN study, the EPICure study reported survival approaching 20% for infants born before 24 weeks' of gestation and survival greater than 60% for births at 25 weeks' of gestation.
In the early part of the 21 st century, data from the NICHD NRN for periviable births from 2003 to 2007 suggested that improvements in survival had plateaued, with no increases in survival rates over the period. 10 However, more recent reports from the NICHD NRN ( Figure 1 ) and other centers in the US, [11] [12] [13] as well as from several other developed nations around the world, [14] [15] [16] [17] [18] [19] demonstrate incremental improvements in survival following periviable birth, continuing trends established over half a century ago. These studies are discussed in detail below.
Estimates of gestational-age specific survival
During the past 5 years, large cohort studies from developed nations in North America, [11] [12] [13] 20, 21 South America, 22 Europe, 14, 15, [23] [24] [25] Asia, 18, 19, 26 and Australia 27 have reported estimates of gestational age-specific survival following periviable birth. Direct comparisons of estimated survival rates among these studies are limited, however, by potential biases introduced from differences in the data sources, ascertainment of death, selection of denominators, and definitions of live birth. 28 Recommendations to improve reporting of birth outcomes have recently been published with the goal of providing more clinically meaningful and comparable estimates of survival. 29 These recommendations emphasize the importance of reporting standardized information on the source population and outcomes measured, including the timing of assessment, and measures of statistical uncertainty, such as 95% confidence intervals (CI), when reporting on periviable birth outcomes. With the aforementioned caveats that studies have varied in their methodology and reporting, estimates of gestational age-specific survival for select population-based and multicenter studies that report outcomes among periviable live births or infants admitted to the NICU (Table 1 ) are shown in Figure 2 .
These studies show a wide variation in survival rates following live birth at periviable gestational ages, ranging from 0-37% at 22 weeks', 1-64% at 23 weeks', 31-78% at 24 weeks' and 59-86% at 25 weeks' of gestation. The variation in survival rates following periviable birth among cohorts in developed nations ( Figure 2 ) is much greater in magnitude than the increases in survival over time within the NICHD NRN ( Figure 1 ). Variation in approaches to perinatal care and other factors that may explain the large amount of variation in periviable survival are discussed below. In general, we have categorized this variation as resulting from between-study differences in: national and institutional recommendations and guidelines for perinatal care, cohort characteristics, maternal-infant characteristics, and antenatal and postnatal treatment, including decisions about the initiation and withdrawal of care.
Recommendations and guidelines for perinatal care
Some of the variation in survival observed in Figure 2 may be attributable to variation in the approach to perinatal care based on guideline statements from professional organizations and scientific societies. In a systematic review of 31 national or international guidelines for perinatal care of periviable births in highly developed countries, there was substantial variation in recommendations. Sixty-eight percent of guideline statements supported comfort care at 22 weeks' of gestation and 65% supported active treatment and resuscitation at 25 weeks' of gestation. 30 At 23 and 24 weeks' of gestation, there was more variability among recommendations, including for comfort care, routine active treatment, individualized care, and active treatment based on parental wishes. Many of these guidelines statements include reporting of country-specific survival rates, although as we discuss below, substantial withincountry variation in survival rates have also been reported.
In the US, a recent consensus statement by the American College of Obstetricians and Gynecologists and the Society for Maternal-Fetal Medicine provides general guidance regarding obstetric and neonatal active treatment for fetuses and infants at periviable gestational ages. 2 At 20 to 21 weeks' of gestation, provision of antenatal corticosteroids, cesarean delivery for fetal indication and neonatal assessment for resuscitation are not recommended. At 22 weeks' of gestation, the authors recommend that clinicians "consider" neonatal assessment for resuscitation but do not recommend antenatal corticosteroids or cesarean delivery. At 23 weeks' of gestation, the authors recommend that clinicians consider all general measures of neonatal and obstetric active treatment but do not give a firm recommendation for any of them. At 24 weeks' of gestation, cesarean delivery should be considered, and all other measures of neonatal and obstetric active treatment are recommended. At 25 weeks' of gestation, cesarean delivery and other active neonatal and obstetric measures are recommended. Given the recent publication of this guideline statement in the US, it is too soon to assess the effect of these recommendations on clinical practice.
Additional Factors influencing survival rates for periviable infants

Cohort selection
Differences in the conduct of cohort studies are important to understand when interpreting and comparing gestational age-specific survival rates. This is particularly relevant when studies use different numerators (e.g. death in the delivery room, death before 28 d, death before hospital discharge, death before 1 year) and denominators (e.g. fetus alive at maternal admission and >20 weeks' of gestation, all live births, inborn live births, live births receiving active treatment, infants admitted to the NICU) to estimate mortality rates ( Figure 3 ). The appropriate numerator and denominator depend on the relevant period at risk. 29 For a woman pregnant with a fetus alive at 20 weeks' of gestation, studies reporting outcomes with a denominator of infants admitted to the NICU do not reflect all of the potential birth outcomes of her fetus ( Figure 3 ). Likewise, a high stillbirth rate may be obscured by reporting outcomes only among live births, and a high delivery room death rate could be obscured by reporting only outcomes for infants admitted to the NICU (Figure 4 ). In contrast, if the population of interest is infants receiving active treatment after live birth, the stillbirth rate has ordinarily been assumed to be irrelevant. However, exclusion of stillbirths can lead to imperfect risk adjustment when comparing populations that differ in prenatal and antepartum care and the proportion of fetuses at high risk for death after birth.
Study selection criteria-particularly with regards to selection of infants based on admission to a hospital or birth within a geographic population, decisions regarding the inclusion of outborn infants in hospital-based studies, and the exclusion of infants born below a lower bounds of birth weight or with the diagnosis of a birth defect-can impact the estimated mortality rates.
In addition, differences in case-mix among cohorts studied can lead to biased comparisons of risk-adjusted mortality due to Simpson's paradox, which occurs when populations differing in case-mix are grouped together and can lead to reversal of an association demonstrated when groups are compared separately. 31 This paradox has been demonstrated in studies using risk-adjustment to compare standardized mortality ratios among different populations. 32, 33 
Place of birth
As previously discussed, country of birth has a large impact on the probability of survival. 34 Take, for example, the nearly universal death of infants born alive at 23 weeks' of gestation in France compared to the approximately 50% reported survival among live births in Sweden ( Figure 2 ). Some of this variation may be accounted for by national guideline statements and cultural preferences regarding perinatal care of periviable births, 35 as previously discussed. However, even within countries, there is substantial variation in survival among live births.
The level, volume and quality of neonatal care provided at a given center or hospital has potential impacts on extremely preterm survival. Variation in neonatal care and outcomes by center, 10, 36, 37 region, 3838 and country 39 has been well documented, and the level and volume of neonatal care provided has been associated with a center's rate of death or serious morbidity. 40, 41 However, the level of neonatal care is not necessarily associated with some aspects of quality care, as demonstrated in a recent study of 134 California NICUs. 42 Within limits, greater availability of neonatal intensive care, measured by the number of neonatologists working in a given region, is associated with a decreased neonatal mortality rate. 43 However, the potential benefits of increased availability of neonatal intensive care may be offset by the associated de-regionalization of care that can occur as the number of NICUs increase, with a greater proportion of high-risk births occurring in lower volume centers. 44 In addition, hospital recognition for nursing excellence, a surrogate measure of quality of nursing care, is associated with a lower risk of early mortality in the first 7 days of life for very low birth weight infants, but not mortality before discharge. 45 
Variation in the provision of active treatment
Intensive care is necessary for neonatal survival at periviable gestational ages. In the U.S., the American Academy of Pediatrics statement on antenatal counselling recommends that decision-making in the delivery room be individualized and family-centered for births at 22 to 24 weeks' of gestation, taking into account known fetal and maternal conditions and parental beliefs. 46 However, individual attitudes and biases of providers may impact shareddecision making with families about whether to initiate or withhold active treatment. In a UK study that evaluated attitudes of 25 neonatologists towards resuscitation and care of extremely preterm infants, providers were grouped as having one of three types of attitudes towards decision making: 1) treatments should not be limited based on gestational age and technology should be used to help improve treatment of suffering and disability; 2) treatment should be provided based primarily on gestational age; 3) treatment should be withheld or withdrawn based on quality of life principles to prevent disability. 47 Understanding these attitudes and biases, and minimizing them when discussing outcome data regarding survival with parents are important aspects of counseling about the outcomes of periviable birth. 48 Biases affect decisions about care, and they may also affect the presentation of information for family counseling. One example of the latter is framing bias, which involves only discussing the probability of survival or the probability of mortality instead of presenting both potential outcomes. 49 Another examples is mis-estimation of the probability of adverse outcomes. This was highlighted in a study in Victoria, Australia, where obstetric and neonatal provider estimates of survival and disability were compared to actual outcome rates within the same region and found to overestimate poor outcomes. 50 This was consistent with findings from a prior US study. 51 The use of model-based outcome estimates based on systematically collected data from multiple centers and incorporating several maternal and infant factors-including whether infants received active treatment-may be useful in decreasing these types of biases, as we discuss below. 52
Effect of obstetrical and neonatal active treatment
Active treatment of fetuses and liveborn infants is one of the most important determinants of early survival for periviable births. In a multicenter study of 24 academically-affiliated hospitals in the US, the proportion of live births receiving active treatment at 22 and 23 weeks' of gestation ranged from 0 to 100% and 25 to 100%, respectively, among individual hospitals. 37 The variation in hospital rate of active treatment accounted for 78% of the observed differences in hospital survival rates for infants born at 22 or 23 weeks' of gestation. In contrast, only 22% and 1% of the differences in survival rates at 24 and 25 weeks' of gestation, respectively, could be explained by variation in the hospital rate of active treatment. At some of the hospitals, most infants born at 22 weeks' of gestation received active treatment whereas at others no infants born at 22 weeks' did, a difference that may be reflective of institutional policies, clinician attitudes, or parental preferences.
In a national study in Sweden, regional rates of obstetric and neonatal active treatment were used to estimate the effects on survival among fetuses alive at the mother's admission. 53 The proportion of key obstetric interventions (birth at a level 3 unit, antenatal corticosteroids, cesarean delivery, and tocolysis) and neonatal interventions (surfactant administration, neonatologist present for delivery, intubation after birth, and NICU referral) were used to estimate the intensity of perinatal care and associate this intensity with the risk of stillbirth, death within 12 hours of birth, and death before 1 yr of age. The range of activity scores, reflecting the intensity of active treatment, were 72 to 100. For each 5 point increase in activity score, the risk of stillbirth (adjusted OR 0.90; 95% CI 0.83-0.97), death within 12 hours (0.75; 0.68-0.86) and death before 1 year (0.83; 0.75-0.91) all decreased significantly after accounting for several other characteristics known to affect fetal and infant outcomes. Regions of Sweden providing a high-intensity of active treatment at 22 to 24 weeks' of gestation (activity score 96-100) had a mortality rate of 35%, compared to a mortality rate of 59% among regions providing a low intensity of active treatment (activity score [74] [75] [76] [77] [78] [79] [80] .
Importantly, active treatment occurs both before and after birth. In another study of live births before 27 weeks' of gestation in Sweden, the effect of individual components of active obstetric treatment on death within 24 hours after live birth were estimated. 54 The risk of death decreased with each additional week of gestation (adjusted OR 0.3; 95% CI 0.2-0.4) after adjusting for differences in pregnancy and delivery characteristics; this decrease in risk of early mortality was similar to that seen with two components of obstetric active treatment: administration of antenatal corticosteroids (adjusted OR 0.3; 95% CI 0.1-0.6) and cesarean delivery (adjusted OR 0.4; 95% CI 0.2-0.9). In addition, observational studies have consistently demonstrated a lower risk of death among neonates born <24 weeks' of gestation exposed to antenatal corticosteroids. 55 In a population based study of infants at 22 to 26 weeks' of gestation in France, 96% of those infants who had neonatal intensive care withheld or withdrawn died in the delivery room compared to 1% of those who received intensive treatment, including oxygen therapy and endotracheal intubation. 56 At 22 weeks' and 23 weeks' of gestation, 96% and 91% of live births, respectively, had intensive care withheld or withdrawn and the limitation in active treatment mirrored the 96% and 92% of live births at these gestational ages that died in the delivery room. In the previously discussed study evaluating the effects of active treatment in a cohort of academicallyaffiliated hospitals in the US, overall survival rates at 22 weeks' of gestation increased fourfold when restricting the denominator of analysis from all live births to those receiving active treatment, from 5% (95% CI 3-8) to 23% (95% CI 14-34), highlighting the importance of this factor to the survival estimate. 37 All infants born alive at 22 to 25 weeks' of gestation who did not receive active treatment died before hospital discharge, with nearly all (97-100% depending on gestational age at birth) dying within 12 hours of birth and all dying within 24 hours of birth. In contrast, among those that received active treatment, 41% of infants born alive at 22 weeks' of gestation, and 20% of infants born alive at 23 weeks' of gestation died within 12 hours of birth, with a much smaller proportion (2-8%) dying within the first 12 hours at 24 and 26 weeks' of gestation. 37 Therefore, recent recommendations emphasize the importance of stratifying outcomes by those infants that do and do not receive active treatment. 29 A clearer understanding of decisions surrounding active treatment for periviable infants may facilitate better parental counseling and decision-making. Large, systematic cohort studies that measure key characteristics and outcomes of periviable infants receiving intensive care versus those receiving comfort care may be used to estimate the benefits of and burdens of intensive care. One such analysis is described below. 52 A strength of this analysis is the avoidance of a "self-fulfilling prophecy" for infants not given intensive care by estimating the proportion of additional infants who would have survived had such care been provided (the "maximum potential survival rate"). This method assumes that infants who died without receiving intensive care would have the same potential survival rate as infants given intensive care had they received it, which may be an overestimate. Therefore, the true survival rate had all periviable infants been given intensive care will likely be between the observed mortality rate and the maximum estimated survival rate.
Antenatal factors
Beyond the gestational age at birth and provision of active treatment, which are often correlated, a number of other factors influence the likelihood of survival. Important antenatal factors that influence the prognosis of survival include estimated fetal weight, sex, plurality, and receipt of antenatal corticosteroids, with higher estimated fetal weight, female sex, singleton gestation and receipt of antenatal corticosteroids associated with higher probability of survival. 52 As mentioned above, these factors can be used in antenatal counseling to predict the probability of survival if intensive care is provided (available at https:// www.nichd.nih.gov/about/org/der/branches/ppb/programs/epbo/Pages/index.aspx). Importantly, although the NICHD NRN extremely preterm birth outcome estimator has been externally validated across large populations including California, in the U.S., and Victoria, in Australia, [57] [58] [59] [60] individual centers may have better or worse outcomes. 61 Additionally, after birth, other factors, such as a the level of respiratory support and other clinical variables discussed below, increase in prognostic value for prediction of survival, while the prognostic value of baseline characteristics, such as gestational age, decrease. 62
Delivery room factors
In the delivery room, the Apgar score, traditionally associated with neonatal survival, 63 may be influenced by the provision or withholding of active treatment. The receipt of chest compressions or epinephrine in the delivery room is associated with a higher risk of mortality, 64 although this effect may vary by gestational age. 65 The visual assessment of extremely preterm neonates <26 weeks' of gestation in the first seconds to minutes after birth by neonatal providers is a poor predictor of survival 66 and should not be used as a reliable prognostic characteristic to determine whether to provide or withhold resuscitative efforts.
Factors beyond the delivery room
On the day of birth, variables such as receipt of surfactant and mechanical ventilation, outborn versus. inborn status, and illness severity, which may be respresented by the Score for Neonatal Acute Physiology version 2, 67 in addition to baseline factors including gestational age, small for gestational age, gender, and exposure to antenatal corticosteroids are important factors that can predict survival with and without morbidity of extremely preterm infants. 21 Beyond the first week of life through 28 days of age, the type of respiratory support (high-frequency ventilation, conventional ventilation, continuous positive airway pressure, nasal cannula or none) and the highest fraction of inspired oxygen that an infant receives become the most significant predictors of survival, while the prognostic value of birth weight and gestational age decreases. 62, 68 At 28 days of age, the highest fraction of inspired oxygen, the number of episodes of late-onset culture-negative infection, days of parenteral feeding and days of CPAP are all independent negative predictors of survival to hospital discharge, with the highest fraction of inspired oxygen carrying the most weight. 62 The timing of death varies by gestation age and, as an infant survives beyond the first few days of life, the probability of survival increases substantially 69 and continues to increase thereafter until 90 postnatal days ( Figure 5 ). 20 For infants born at 22 weeks' of gestation between 2000 and 2011, 90% of all in-hospital deaths occurred within 12 hours of life and 1.4% occurred after 28 days of age, based on data from a multicenter study from the NICHD NRN. 12 The high frequency of early mortality likely reflects the frequent approach of comfort care for these infants. The proportion of deaths within 12 hours of birth among those infants with in-hospital death continues to decrease with each additional week of gestation, from 56% at 23 weeks' to 26% at 24 weeks' and 18% at 25 weeks' of gestation. Similarly, the proportion of deaths occurring after 28 days of age increases, from 8% at 23 weeks' to 21% at 24 weeks' and 27% at 25 weeks'. Important aspects of care during this period include fluid administration, nutrition, cardiorespiratory support and prevention of intraventricular hemorrhage (IVH), 70 although randomized trials that include periviable infants are needed to identify additional interventions to improve outcomes in this population.
Racial and social associations with survival
Among women in high-income countries, an adverse socioeconomic background is associated with twice the risk of stillbirth compared to women who are not from a disadvantaged background. Access to neonatal intensive care is one important mediator of the racial and social disparity in birth outcomes and is influenced by race, insurance status and whether a woman received early prenatal care. 71 In addition, black race has been consistently linked with a higher overall risk of adverse birth outcomes, 72, 73 although not gestational age-specific mortality at <32 weeks' of gestation, 74 and is a risk-factor for death after discharge from the NICU among ELBW infants. 75 However, one study, from the NICHD NRN, found that rehospitalization of ELBW infants was not associated with race/ ethnicity after controlling for low family income, type of insurance, center, and other potential confounding variables. 76
Withdrawal of life-sustaining treatment
Approaches to withdrawal of life sustaining treatment, which result in the majority of deaths after infants are admitted to the NICU, 77, 78 can explain some of the variation in reported rates of survival. Variation in the percentage of deaths following end-of-life decisions among European population-based cohorts varied significantly, with 81% of deaths following endof-life decisions at ≤24 weeks' of gestation in France compared to 55% at ≤25 weeks' of gestation in the UK. 79 In a prospective observational study of 19 NICUs in Canada, 84% of all deaths occurred following a discussion of withdrawal of life-sustaining support and 41% were due to a prognosis of poor quality of life in the event of survival, while 35% were due to inevitability of death in the short-term and 24% to prevent prolonged suffering with death likely. 80 Neurological complications of prematurity, particularly the presence of severe IVH (grade 3 or 4) or periventricular leukomalacia were common indications for withdrawal of life-sustaining treatment, although the proportion of infants with neurological injury who underwent discussions varied from 10% to 86% across centers and 65% of the withdrawal of care was due to concerns regarding quality of life if the infant survived. The prognostic value accorded to indicators such as evidence for neurological injury on an early cranial ultrasound may differ in clinical practice, as many infants who survive with either severe IVH or cystic periventricular leukomalacia on early cranial ultrasound are found to have no or mild impairment (51%) compared to those with a composite measure of neurodevelopmental impairment (28%). 81 
Conclusion
In conclusion, survival among periviable births has improved since the 1950s, including over the past decade. There is wide variation in survival of periviable live births across developed countries and across different NICUs in the same country, although estimates of gestational age-specific survival are influenced by a number of factors that limit unbiased comparisons. Provision of active treatment, particularly at 22 and 23 weeks' of gestation, varies widely among hospitals and developed nations, and this has a significant impact on reported survival rates. However, many other factors affect outcomes for infants born at periviable gestations. Improved reporting of outcomes following periviable birth may yield better understanding of the effects of obstetric and neonatal care in this area.
Key Points
•
Estimates of gestational age-specific survival vary significantly across hospitals, regions and countries and are influenced by a number of factors that can make unbiased comparisons challenging.
• Survival among live periviable births at 22 to 25 weeks of gestation has incrementally improved since the 1950s, with continued gains over the last decade.
• Provision of active treatment, particularly at 22 and 23 weeks of gestation, varies widely among centers and countries, and this variation has a substantial impact on reported survival rates.
• Improved reporting of survival rates for periviable births may yield a better understanding of birth outcomes for periviable births occurring at 20 to 25 weeks of gestation. 
Study Type
Population-based cohort studies
Center-based cohort studies d Infants declared moribund, infants receiving palliative care, infants with lethal birth defects or infants with missing birth date or missing/ambiguous gender.
